Recent findings have highlighted the role of microglia in orchestrating normal development and refining neural network connectivity in the healthy CNS. Microglia are not only vital cells in maintaining CNS homeostasis, but also respond to injury, infection, and disease by undergoing proliferation and changes in transcription and morphology. A better understanding of the specific role of microglia in responding to viral infection is complicated by the presence of nonmicroglial myeloid cells with potentially overlapping function in the healthy brain and by the rapid infiltration of hematopoietic myeloid cells into the brain in diseased states. Here, we used an inhibitor of colony-stimulating factor 1 receptor (CSF1R) that depletes microglia to examine the specific roles of microglia in response to infection with the mouse hepatitis virus (MHV), a neurotropic coronavirus. Our results show that microglia were required during the early days after infection to limit MHV replication and subsequent morbidity and lethality. Additionally, microglia depletion resulted in ineffective T cell responses. These results reveal nonredundant, critical roles for microglia in the early innate and virus-specific T cell responses and for subsequent host protection from viral encephalitis.
Introduction
Microglia are CNS-resident mononuclear phagocytic cells typified by a unique ramified shape and distinctive gene expression (1, 2) . Unlike blood-derived macrophages, however, most microglia are derived from a yolk sac progenitor and seed the brain early in development (3, 4) . Recent work suggests that microglia serve their purpose by maintaining homeostasis in the brain. Indeed, microglia are important for neurogenesis, synapse maintenance, and neuronal function, indicating that these cells maintain a healthy brain by a multitude of functions (5) (6) (7) (8) (9) .
As resident cells, microglia are assumed to help orchestrate the immune response to pathogen infection of the brain. While often touted as immune sentinels, little is known about how or if microglia engage in this function (10, 11) . Microglia function is compromised in human genetic diseases such as Nasu-Hakola (TREM2-DAP12 mutations) and other adult-onset dementias (12, 13) and may be functionally impaired under certain physiological conditions (14) . However, genetic disorders resulting in microglia dysfunction do not result in increased susceptibility to CNS infections and instead result in neurodegeneration (12, 13) . While nonparenchymal macrophages of the brain may be the logical cells to respond to a pathogen introduced into the CNS through the bloodstream, these cells would not protect the brain from viruses that enter the CNS by transport through neurons. As the only myeloid cells present within the brain parenchyma, microglia are positioned to respond to a pathogen at this location. As such, the importance of microglia in the host response to virus infections may be partially dependent on the pathogen and route of entry.
Mice infected with the neuroattenuated rJ2.2 strain of the murine coronavirus, mouse hepatitis virus (MHV), develop mild acute encephalitis and acute and chronic demyelinating diseases (15) . Approximately 90% of mice survive the acute infection, with demyelination occurring 14-21 days after infection in survivors (15, 16) . Infection of the CNS with MHV results in the secretion of inflammatory cytokines and chemokines including type I IFNs (IFN-I), CCL2, TNF, and IL-6 (17) (18) (19) (20) . IFN-I are protective to the host, as treatment with exogenous IFN-α or IFN-β limits viral replication, and infection of mice genetically defective in IFN-I signaling converts a nonlethal coronavirus infection to one that is lethal (21) (22) (23) . As a consequence of secretion of cytokines and chemokines, MHV infection of the CNS results in the recruitment of innate and adaptive immune cells to the brain. While large numbers of monocytes/macrophages infiltrate the CNS after infection, clodronate liposome-mediated depletion of these cells resulted in increased mortality but did not alter the viral load within the CNS, indicating that hematogenously derived monocytes/macrophages were not required for efficient viral clearance (24) . Virus-specific CD8 + T cells, detectable within the brain by day 6 or 7 post infection (p.i.), are critical for viral clearance (25, 26) . CD8 + T cells effect clearance by both cytolytic and noncytolytic mechanisms (27) (28) (29) . Virus-specific CD4 + T cells are also important in viral clearance and enhance immune activity in the brain by secreting IFN-γ (28, 29) and promoting upregulation of MHC II on microglia (26) . In addition to affording protection, MHV-specific CD4 + T cells are also pathogenic (30) . How microglia affect this multifaceted T cell immune response to MHV is unknown.
The functions that microglia may use in responding to viruses are not well described. Microglia could function by initiating the IFN-I response, neutralizing virus by phagocytizing infected cells and/or virus, providing necessary signals to initiate the innate In the absence of microglia, viral replication occurs more rapidly, allowing the virus to evade the immune response. Microglia are required between days 0 and 6 p.i., with depletion at later points having no effects on survival, suggesting that they play a role predominantly in the early stages of infection. While the absence of microglia does not affect overall inflammatory infiltration into the brain, microglia have an especially prominent role in orchestrating the virus-specific CD4 + T cell response.
Results

Microglia respond to CNS viral infection.
Injury, infection, and neurodegeneration can lead to morphological and molecular changes typical of microglia activation (35, 36) . However, this activation profile differs depending on the stimuli received and can result in either harmful or beneficial effects (10, 11, 37) . While microglia are often touted as the first responders to a CNS viral infection and are known to respond rapidly to injury (6), there is little direct evidence to show that microglia are needed for an optimal host response to pathogens. Microglia, which express CX3CR1 and can be readily identified in CX3CR1-GFP mice, responded to MHV infection, as evidenced by morphological changes and upregulation of IBA1, an activation marker, in brain locations where viral antigen was detected ( Figure 1A ). By day 4 p.i., microglia in the olfactory bulb, a region of the brain prominently infected by MHV (38-40), showed immune response via cytokine or chemokine secretion, and presenting antigen to, or stimulating T cells within, the brain. As an immunologically relevant cell type resident in the brain, microglia may be important for limiting replication of an invading pathogen.
Complicating the study of microglia during infection is that, in cases of neuroinflammation, extensive monocyte/macrophage infiltration occurs in the brain. Studies separating the actions of microglia from those of infiltrating myeloid cells are difficult, because activated microglia undergo phenotypic changes that render them morphologically similar to infiltrating mononuclear phagocytic cells.
To understand the roles that microglia play in a neurotropic viral infection, how these roles affect the immune response to viruses, and how these roles may differ from those of infiltrating monocytes/macrophages, we used colony-stimulating factor 1 receptor (CSF1R) inhibitor-mediated depletion of microglia. Microglia are dependent on CSF1R signaling for survival, as mice deficient in the CSF1R or its ligand IL-34 lack microglia (3, 31) . Treatment of mice with PLX5622, a specific and powerful inhibitor of CSF1R tyrosine kinase activity, results in near-complete depletion of microglia (32) (33) (34) , facilitating studies of the role of these cells in the host response to a neurotropic virus infection.
Our results show that microglia are most crucial in the response to CNS pathogens at early time points after infection. whether PLX5622 depleted other brain-resident macrophages or myeloid cells in the peripheral lymphoid organs, because these cells express CSF1R. Most CD45 + cells isolated from the naive mouse brain are microglia; consequently, total CD45 + cell numbers isolated from the brain after PLX5622 treatment were greatly decreased ( Figure 2B ). Neither brain-resident macrophages (Figure 2C ), CD11b
-immune cells, including T cells and B cells, in the brain ( Figure 2D ), nor CD11b + cells in the peripheral lymphoid organs ( Figure 2E ) were diminished in number by PLX5622 treatment. Additionally, no changes in the number of T cells, B cells, or neutrophils were observed in the peripheral lymphoid organs (Supplemental Figure 2) .
Microglia protect against MHV infection. To investigate when microglia were required for an optimal outcome, we administered PLX5622 before and during MHV infection. Mice treated with PLX5622 beginning 7 days before infection and continuing to the end of the experiment uniformly died, compared with a 10%-20% mortality rate in infected mice fed normal chow ( Figure 3, A and  B) . To assess the period of microglia action after infection, we varied the timing of drug administration relative to infection ( Figure  3 , A and B). PLX5622 administration starting on day 0 p.i. and continuing throughout infection resulted in a 90% mortality rate. When PLX5622 was started 3 days p.i. and remained in the feed for the duration of the experiment, approximately 40% of the mice survived. PLX5622 administration, commencing on day 6 p.i., had no effect on survival. Published studies have shown that microglia depletion after treatment and repletion after PLX5622 removal occurred rapidly (34) . We confirmed that this is the case by showing that microglia could be replenished within 3 days after removal of PLX5622 (Supplemental Figure 3) . When PLX5622 was given 7 days before infection and removed 3 days p.i., all mice succumbed to infection, as was observed with treatment for the increased expression of IBA1, and by day 7 p.i., these cells showed a dramatic increase in IBA1 expression levels and exhibited a less ramified, more macrophage-like morphology ( Figure 1A ). While these microscopic analyses showed that microglia did indeed respond to viral infection, the molecular mechanisms associated with this response were unknown. To address this question, we used microarray analysis to compare gene expression in microglia harvested from naive mouse brains with those from day-4 p.i. brains. These analyses showed differential expression levels of 595 genes ( Figure 1B) . As shown by Ingenuity Pathway Analysis, the top 4 pathways changed after infection were IFN signaling, activation of IFN-regulatory factors by cytosolic pattern recognition receptors, granulocyte adhesion and diapedesis, and communication between the innate and adaptive immune system ( Figure  1C ). Individual genes in these pathways that were among the most upregulated in the array are shown in Figure 1D . These included IFN-induced genes such as Mx2, Ifit1, and Oas2. Genes encoding pattern recognition receptors and chemokines and genes associated with antigen presentation were also upregulated ( Figure 1D ). Aif1 (encoding IBA1) expression was upregulated in our microarray data set; however, it was upregulated by 1.85-fold, below our foldchange cutoff of 2. Together, these results show that microglia were activated and responded to viral infection of the CNS by changes in morphology and inflammation-associated gene expression.
A CSF1R inhibitor, PLX5622, depletes microglia. Next, to separate the roles of microglia and infiltrating macrophages, PLX5622, a CSF1R inhibitor previously reported to deplete microglia (34) , was formulated into feed that was provided to mice. Microglia were nearly completely depleted by 3 days after the start of PLX5622 treatment ( Figure 2A , gating strategy is shown in Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI97229DS1). We also assessed + cells (E) within the spleen after 7 days of PLX5622 treatment. Data in B-E represent combined results from 3 independent experiments, with a combined total of 8 mice per group. Statistical significance was determined using Mann-Whitney U tests. **P < 0.01, ***P < 0.001, and ****P < 0.0001. jci.org Volume 128
Number 3 March 2018 compared with those infected with WT virus (41) . When treated with PLX5622, the lethality of N1347A was increased to WT rJ levels ( Figure 3E ). Together, these results indicate that microglia are critical for limiting the lethality of neurotropic viruses.
A lack of microglia leads to increased viral replication in the brain. To assess the potential role for microglia in limiting virus replication, we determined viral loads within the brain. A lack of microglia resulted in increased viral titers by day 3 p.i. compared with those in control mice ( Figure 4A ). Staining of sections from the olfactory bulb and brainstem with nucleocapsid (N) protein mAb was consistent with the increased titers, demonstrating a larger number of infected cells in the PLX5622-treated mice ( Figure 5 , A and B). There was a substantial amount of inter-mouse variability, such that the differences were not statistically significant. Peak viral replicaduration of the experiment ( Figure 3 , C and D). Survival rates increased to approximately 30% if the drug was removed on the day of infection, while removal of the drug 2 days before infection resulted in 60% survival. Collectively, these results indicate that microglia provide critical antiviral roles between days 0 and 6 p.i.
To assess the effects of microglia depletion on infection with a highly neurovirulent virus, we infected PLX5622-treated mice with the JHM strain of MHV (recombinant version, referred to herein as rJ). Mice treated with PLX5622 had a decreased time-to-death after rJ infection ( Figure 3E ). To further assess the role of microglia in limiting viral replication, we infected PLX5622-treated mice with another neuroattenuated virus, N1347A, an rJ mutant lacking macrodomain enzymatic activity (41) . Mice infected with N1347A had minimal mortality and weight loss as well as diminished viral titers Data are representative of 2 to 5 independent experiments, with 5 to 15 mice per group. P < 0.05, by log-rank test when compared with control survival curves, except when PLX5622 treatment began on day 6. (E) Mice were treated with PLX5622 or control for 7 days and then inoculated intranasally with 3 × 10 4 PFU rJ or N1347A. Data are combined from 2 independent experiments and represent a total of 10 mice per group. Survival curves were assessed for statistical significance by log-rank test. PLX5622-treated, rJ-infected mice had significantly shorter survival than did mice in all the other groups, while mock-treated, N1347A-infected mice survived significantly longer (P < 0.01) than did mice in the other 3 groups.
Volume 128 Number 3 March 2018 CD45 + cells were decreased, reflecting microglia depletion. However, by day 7 p.i., no differences were observed, indicating that blood-derived cells became predominant and that recruitment was not microglia dependent ( Figure 6, A and D) .
To assess the potential role of microglia in initiating the immune response in the deep cervical lymph nodes (DCLNs), the draining LNs of the brain, we measured total cell numbers. We detected no significant differences in total cell numbers in the DCLNs after PLX5622 treatment ( Figure 6, C and F) , suggesting that the lack of microglia does not grossly affect the initiation of the immune response. We also measured PLX5622 effects on macrophage numbers in the brain, since, while macrophages were not depleted by PLX5622 (Figure 2 ), they express CSF1R and might be affected by the drug (42) . We detected no differences in the number of monocytes/macrophages on day 3 p.i. compared with numbers in control-treated mice ( Figure 6B ). However, by day 7 p.i., monocyte/macrophage numbers in the infected brain were increased ( Figure 6E ), suggesting that microglia depletion resulted in a compensatory increase in hematogenously derived macrophages. Monocytes/macrophages within the infected, microgliadepleted CNS, compared with those in untreated mice, had lower expression of MHC II and higher expression of Ly6C ( Figure 7 , A and B), indicating that they were less mature (43) . To further assess changes in macrophages caused by PLX5622 treatment, we performed microarray analysis of day-4 p.i. brain-derived macrophages. Microarray analysis of monocytes/macrophages in control and PLX5622-treated groups showed differential expression of 235 genes ( Figure 7C ). Among the upregulated genes were S100a8/a9, upregulated in multiple inflammatory conditions (44) , and the chemokines CCL4 (Ccl4) and CCL5 (Ccl5) ( Figure 7D ) (45) . The changes in gene expression could be due to indirect or direct effects of PLX5622 on macrophages, or may reflect changes in macrophages that compensated for the lack of microglia.
Microglia depletion alters the CD4 + T cell response to viral infection, especially in the brain. PLX5622 treatment decreased survival, even when treatment began as late as day 3 p.i., indicating that microglia contributed to the antiviral immune response after the innate response was initiated and suggesting an effect on the adaptive immune response. Priming of T cells occurs predominantly in the DCLNs, leading to the initial proliferation of virusspecific T cells and subsequent recruitment of virus-specific T cells to the brain (46) . As such, we next examined the adaptive immune response in the DCLNs. In PLX5622-treated mice, CD8 + T cell numbers were unaltered in the DCLNs (Supplemental Figure 4A ), as were the numbers of virus-specific CD8 + (Supplemental Figure 4C ) and CD4 + T cells (Supplemental Figure 4D) . However, total numbers of CD4 + T cells and FOXP3 + Tregs in the DCLNs were decreased (Supplemental Figure 4 , B and E) in microgliadepleted mice, although the difference in Tregs did not reach statistical significance. These results suggested that, while priming of the virus-specific T cell response was not substantially altered after microglia depletion, PLX5622 treatment diminished aspects of the CD4 + T cell response. These differences between control and PLX5622-treated mice were accentuated in the brain, the site of infection. Flow cytometric analysis showed increases in the frequency and total number of CD8+ T cells in the brains of PLX5622-treated animals ( Figure 8A ), tion occurred on day 5 p.i. in MHV-infected mice and then declined. However, in microglia-depleted mice, viral titers peaked on day 3 p.i. and remained elevated on day 5 p.i. Additionally, the absence of microglia diminished the kinetics of virus clearance; viral titers decreased only marginally by day 7 p.i. in PLX5622-treated mice compared with titers in untreated control mice ( Figure 4A ).
Given that microglia respond to infection by upregulating pathways associated with immune activation (microarray analyses in Figure 1 ), we next determined protein and mRNA levels of IFN-I and IL-6. IFN-I is critical for initiating the antiviral immune response, and IL-6 is a pleiotropic, proinflammatory immune mediator. After infection, IFN-I protein levels were modestly higher in PLX5622-treated mice, but these changes were not statistically significant. Protein levels of IL-6 were unchanged in the absence of microglia ( Figure 4B ). Assessment of these cytokines by quantitative PCR (qPCR) showed an increase in expression of IFN-β, IFN-α4, and IL-6 in PLX5622-treated animals on days 3 and 5 p.i. (Figure 4C ). Together, these results indicate that the absence of microglia did not prevent the host from initiating an innate immune response and that other cell types produced these cytokines when microglia were depleted. The increase in viral load seen in Figure 4A was additionally confirmed by qPCR of genomic viral RNA ( Figure 4C) . Notably, the increased cytokine expression seen in PLX5622-treated mice was probably a consequence of increased viral load in the brain; statistical analysis using Spearman's correlation showed that mRNA levels of these cytokines were positively correlated with those of viral genomic RNA on days 3 and 5 p.i., except for IFN-α4 on day 3 p.i. (Table 1) .
To further investigate the consequences of microglia depletion, we next examined whether there were differences in the extent of neuronal infection, which could contribute to enhanced morbidity. Using NeuroTrace, a fluorescent Nissl stain, to identify neurons, we identified increased numbers of infected neurons in the brainstem but not the olfactory lobe of PLX5622-treated mice ( Figure 5, C and D) . These differences did not reach statistical significance, reflecting inter-mouse variability. Collectively, these results indicate that functional microglia are required for controlling virus replication and for minimizing disease development in the infected brain.
Macrophages are affected by CSF1R inhibitor treatment. Next, to further address how microglia function to protect mice from MHV infection, we assessed the effect of their depletion on inflammatory cell infiltration into the brain. On day 3 p.i., total numbers of but these differences were not statistically significant. Strikingly, the percentage and total numbers of CD4 + T cells in the brain were decreased ( Figure 8B ), as were Treg frequencies and numbers (Figure 8C) . We next assessed whether the virus-specific T cell response was similarly affected. There were no differences in the frequencies of brain-derived CD8 + T cells responding to the MHV-specific immunodominant S510 epitope. The total number of virus-specific CD8 + T cells showed a trending increase ( Figure 8D ) after microglia depletion, reflecting the increased total number of CD8 + T cells in the brain. The virus-specific CD4 + T cell response, evaluated by measuring IFN-γ expression after stimulation with M133 peptide, was greatly diminished in frequency and number ( Figure 8E ). While the total number of virus-specific CD4+ T cells was decreased, the remaining cells remained polyfunctional, as PLX5622 treatment did not affect the frequency or number of IFN-γ-expressing CD4 + or CD8 + T cells that dually expressed TNF or IL-10 ( Figure 8, F-I ). This dramatic decrease in the number of virus-specific CD4 + T cells could result from the effects of PLX5622 on microglia, or alternatively, and less likely, on macrophages. To address the latter possibility, PLX5622-treated mice were intraperitoneally injected with rJ, resulting in a subclinical infection but also in the generation of a virus-specific T cell response in the spleen (47) . PLX5622 treatment did not change the number of virus-specific CD4 + or CD8 + T cells after intraperitoneal infection with rJ ( Figure  8 , J and K), indicating that the drug did not significantly impact antigen presentation after peripheral infection and suggesting that the lack of microglia was essential in the modified and possibly dysfunctional CD4 + T cell response after MHV infection.
Together, these results support the notion that microglia are required for an optimally protective T cell response. To assess this directly, mice deficient in recombination-activating gene 1 (Rag1 -/-), which lack B and T cells, were given control feed or feed containing PLX5622 prior to MHV infection. Rag1 -/-mice treated with PLX5622 died slightly more rapidly after infection than did mice given control feed. While these results were not statistically significant (Figure 8L ), they were consistent with a role for microglia in the innate immune response. However, the results also highlight the key role that the virus-specific T cells have in protection and, together with the other results described above, demonstrate that microglia are required for the development of an optimal antiviral T cell response.
Discussion
Our results show that microglia play nonredundant and unique roles in host survival during infection with a neurotropic virus infection. Because of their residence in the CNS, microglia potentially serve as sentinel cells able to detect invasive pathogens. They may also contribute to host defense by phagocytosing virus or virus-infected cells, facilitating an early host response to virus replication. Using a drug that primarily depletes microglia, we showed that these cells are most important in the earliest stages of infection, consistent with the idea that they play a key role in host protection. In the absence of microglia, virus replication was poorly controlled, and infection of neurons was increased ( Figure 4A ).
Microarray analysis demonstrated that IFN signaling was the most upregulated pathway in the data set ( Figure 1C ). However, (Table 1) . Data represent the mean ± SEM. Data in A were combined from 3 independent experiments, with a combined total of 8 to 11 mice per group. Data shown in B were combined from 2 independent experiments. Data in C are representative of 3 independent experiments, with 10 mice per group. *P < 0.05 and **P < 0.01, by Mann-Whitney U test. in experiments in which microglia were depleted, we observed no decrease in the protein levels of IFN-I (Figure 4 ) within the brain, indicating that microglia were not required for IFN-I production after infection. However, this does not preclude a role for IFN-I signaling in establishing an antiviral environment, especially since microglia are among the first cells to detect and respond to viruses. Microglia function was required for many, but not all, aspects of the host response. While the numbers of infiltrating, hematogenously derived phagocytic cells such as neutrophils and macrophages were not diminished by treatment with PLX5622, infiltrating macrophages were phenotypically more immature, as evidenced by decreased MHC class II antigen and increased Ly6C expression ( Figure 7, A and B) . Thus, these cells, which might be expected to provide partial compensation for the absence of microglia, were phenotypically less potent antigen-presenting cells, possibly contributing to the observed suboptimal CD4 + T cell response ( Figure 8E ).
While the results described above and elsewhere (32, 34, 48) show that PLX5622 has profound effects on microglia survival, CSF1R, the receptor affected by PLX5622, is also expressed on other myeloid cells, including brain perivascular macrophages and infiltrating hematopoietic monocytes/macrophages. At the same ulent rJ ( Figure 8L ). We found that intraperitoneal injection of rJ resulted in a subclinical infection and observed no differences in clinical disease or virus-specific T cell responses, again demonstrating minimal direct effects of PLX5622 treatment on cells other than microglia. Microglia continued to be required for a protective immune response, even after the first few days of infection, because mice given PLX5622 beginning 3 days p.i. had decreased survival. This may reflect the absence of antigen presentation by microglia. Microglia upregulated Tap1 and Itgax, genes involved in antigen presentation ( Figure 1D ). Additionally, depletion of microglia not only resulted in loss of the major MHC II-expressing cell type in the brain, but also resulted in decreased expression of MHC II on incoming monocytes/macrophages. As MHC II is required for CD4 T cell restimulation and activation, this decrease in MHC II in the brain probably contributed to the diminished virusspecific CD4 + T cell response observed in the absence of microglia. Additionally, the virus-specific CD8 + T cell response in the brain was increased in PLX5622-treated mice compared with that observed in control mice ( Figure 8D , P = 0.0559). This modest increase in CD8 + T cell numbers stands in contrast to results observed in suckling mice infected intracerebrally with dengue virus, in which microglia depletion using liposomes containing clodronate resulted in diminished CD8 + T cell recruitment to the brain (50) . While both of these studies show effects of microglia depletion on T cell responses in the brain, the differences in effects on specific T cell subsets may reflect the virus under study, the method of microglia depletion (clodronate liposomes time that microglia were depleted, other brain-resident myeloid cells ( Figure 2C ) and circulating myeloid cells ( Figure 2E) were not decreased in numbers after PLX5622 treatment. Rather, after PLX5622 treatment, the number of infiltrating macrophages was increased after MHV infection ( Figure 6E ), perhaps as a compensatory response to the lack of microglia. To further address the effect of CSF1R inhibition on infiltrating macrophage function, we compared the transcriptional profile of macrophages entering the brain after infection, with or without PLX5622 treatment. Expression of genes associated with macrophage activation was augmented in macrophages obtained from PLX5622-treated nice compared with those from control mice. These results, together with the decreased levels of MHC II and increased levels of Ly6C on macrophages in PLX5622-treated mice (Figure 7) , indicate that macrophage maturation and probably function were compromised in the absence of microglia. These results were likely a consequence of microglia depletion, but we cannot rule out the possibility of a direct effect of PLX5622 on the function of macrophages.
Whereas altered macrophage function may contribute to poor outcomes in PLX5622-treated mice, this altered function is unlikely to be the primary cause of increased virus titers in the brain ( Figure 4A ). In a previous study, systemic treatment with mannosylated liposomes encapsulating dichloromethylene diphosphonate (Cl 2 MDP, clodronate) depleted peripheral monocytes/ macrophages without affecting microglia numbers or virus titers in the brain (24, 49) . Additionally, we measured the potential effects of PLX5622 on macrophages by analyzing clinical disease and T cell responses after intraperitoneal injection of neurovir- + cell populations in the brain on the indicated days p.i. Graphs show a summary of flow cytometric data on cells isolated from mouse brains (A, B, D, and E) and DCLNs (C and F) on day 3 (A-C) or day 7 (D-F) p.i. Data represent the mean ± SEM and are from 3 independent experiments, with a combined total of 8 to 9 mice per group. Statistical significance was determined using Mann-Whitney U tests. *P < 0.05. versus PLX5622), and/or the age of the mice at the time of infection. Both virus-specific CD4 + and CD8 + T cells are required for efficient viral clearance in MHV-infected mice (51, 52) , with CD8 + T cells effecting viral clearance (27, 28, 53) and CD4 + T cells facilitating CD8 + T cell entrance into the parenchyma (54) . The frequency and number of FOXP3 + Tregs were also decreased. Tregs have multiple roles in modulating the inflammatory response including, in the MHV-infected mouse, inhibiting exuberant T cell responses in the brain (46, 55, 56) . In the absence of microglia, a diminished Treg response might contribute to increased effector CD4 + and CD8 + T cell responses, which, while ineffective in clearing virus, contributed to increased host damage in our study. The MHV-specific CD4 + T cell response has both protective and pathogenic roles, and the latter is specifically modulated by virus-specific Tregs (46) .
The importance of the T cell response in viral clearance was further demonstrated using MHV-infected Rag1 -/-mice. Microglia depletion resulted in a small increase in time to death in these mice ( Figure 8L) , consistent with an effect on the innate immune response. However, these differences were minimal compared with the effects of drug treatment in immunocompetent mice (Figure 3 ), in which virus was cleared by the antivirus T cell response. Notably, PLX5622-treated B6 and Rag1 -/-mice succumbed to the infection at similar rates, highlighting the key role that microglia play in the development of a normal T cell response (compare Figure 3 , B and D, with Figure  8L ). Specifically, the decreased virusspecific CD4 + T cell response in the absence of microglia indicates that these cells are important for initiating the CD4 + T cell response or in restimulating CD4 + T cells that enter the brain. Microglia have multiple functions in the CNS, including surveillance of the brain for damaged neurons and neuronal synapses that require pruning (9) . Microglia also play a role in autoimmune demyelination (experimental autoimmune encephalomyelitis [EAE]), with a specific role in clearing myelin debris (37) . Notably, microglia differed phenotypically and in terms of microglia phagocytosis has been demonstrated in the context of prion disease, in which microglia depletion resulted in accelerated disease progression, probably due to diminished prion clearance (57).
of gene expression from infiltrating macrophages in mice with EAE. Our results also suggest that infiltrating macrophages had functions that were nonredundant with those of microglia and were unable to compensate for their absence. The importance -/-mice. Data indicate the mean ± SEM and represent combined data from 3 to 5 independent experiments, with a combined total of 9 to 17 mice per group. Statistical significance determined using Mann-Whitney U tests. *P < 0.05, **P < 0.01, and ***P < 0.001. The significance in differences in survival curves was assessed by log-rank test. were included in the culture. MHV-specific peptides encompassing residues 133-147 of the transmembrane (M133) protein and residues 510-518 of the surface (S510) glycoprotein (60, 61) (Bio-Synthesis Inc.) were used at final concentrations of 5 μM (M133) or 1 μM (S510). A FOXP3 Staining Buffer Set (eBioscience) was used for analysis of FOXP3 expression; otherwise, BD Cytofix/Cytoperm and Perm/Wash buffers (BD Biosciences) were used in intracellular cytokine staining (ICS) assays.
RNA extraction, PCR, and primers. Brains were collected and manually homogenized into TRIzol (Thermo Fisher Scientific). RNA was extracted according to the manufacturer's instructions. RNA was transcribed into cDNA using Moloney murine leukemia virus reverse transcriptase (MMLV RT; Thermo Fischer Scientific), and expression levels were measured on a QuantStudio qPCR 3 system (Thermo Fisher Scientific). The primer sets used have been previously described (62) , and the primer sequences are listed in Supplemental Table 1 . The expression levels were normalized to hypoxanthineguanine phosphoribosyltransferase (HPRT) by the following threshold cycle (Ct) equation: ΔCt = Ct of the gene of interest − Ct of HPRT. All results are shown as a ratio to HPRT calculated as 2 −ΔCt .
Measurement of cytokine protein levels. Mouse brains were flashfrozen in liquid nitrogen before homogenization in T-PER Tissue Protein Extract Reagent (Thermo Fisher Scientific). Samples were centrifuged at 10,000 g for 10 minutes after homogenization. Supernatants were used in protein assays. Protein levels of IFN-α, IFN-β, and IL-6 were determined using Luminex Protein Assays (Thermo Fisher Scientific) according to the manufacturer's instructions.
Brain histology and immunohistochemistry. For H&E staining, brains were removed, fixed in zinc formalin, and embedded in paraffin. Tissue sections were stained with H&E.
For immunohistochemical staining, frozen sections were obtained by fixing brains in 4% paraformaldehyde solution followed by immersion in 10%, 20%, and 30% sucrose solutions for cryoprotection prior to freezing by heat displacement. Sections were immersed in PBS before treatment with 0.1% Triton-X in PBS. Sections were then rinsed in PBS. Next, samples were incubated in CAS block (Invitrogen, Thermo Fisher Scientific) followed by incubation in primary antibody diluted in 1% goat serum in PBS overnight at 4°C in a humidity chamber. Primary antibodies against IBA1 (Wako) at 1:2,000 and viral N protein (provided by Michael Buchmeier, University of California Irvine) were used at 1:10,000. Sections were rinsed before incubation with a 1:200 dilution of an appropriate A568-or A488-conjugated goat anti-mouse or anti-rabbit antibody (Thermo Fisher Scientific). After rinsing with PBS, slides were mounted with Vectashield Antifade Reagent containing DAPI (Vectashield Laboratories). NeuroTrace (Thermo Fisher Scientific) staining was performed according to the manufacturer's protocol. Images were obtained using an Olympus BX61 light microscope. Three images were taken per section, with each section representing different mice. Microscopy images were quantified using ImageJ 64 (NIH) software and manual counting.
Microarray analysis. Microglia and macrophages were stained with anti-CD45 antibody after isolation from CX3CR1 GFP/+ mice as described above. Microglia were sorted on the basis of intermediate expression of CD45 and high expression of GFP. Macrophages were sorted on the basis of high expression of CD45 and intermediate expression of
In summary, our results demonstrate a critical role for microglia in the context of viral encephalitis, affecting the initiation of the innate and adaptive immune responses and the kinetics of virus replication and clearance. Viral encephalitis tends to be a disease with sporadic incidence that occurs in only a small percentage of infected patients. Our results raise the possibility that microglia dysfunction contributes to the development of clinical encephalitis in the minority of patients who develop this disease after infection.
Methods
Mice. Specific pathogen-free C57Bl/6 mice were purchased from Charles River Laboratories, and B6.129P(Cg)-Ptprc a Cx3cr1 tm1Litt /LittJ (CX3CR1-GFP), and Rag1 tm1Mom mice were purchased from The Jackson Laboratory. Mice were maintained in specific pathogen-free facilities at The University of Iowa. Five-to six-week-old male mice were used in all experiments. PLX5622 treatment. PLX5622, formulated in an AIN-76A rodent diet at a dose of 1,200 mg/kg standard chow, was prepared by Research Diets and provided by Plexxikon Inc. Mice were provided PLX5622 in their chow beginning 7 days before viral infection, except where indicated otherwise.
Viral infection. A neuroattenuated variant of the JHMV strain of MHV, rJ2.2 (a recombinant version of the J2.2-V-1 virus, referred to herein as MHV) was propagated in mouse 17Cl-1 cells and titered on HeLa-MHVR cells (58) . Five-to six-week-old mice were inoculated intracerebrally with 700 PFU rJ2.2 in 30 μl DMEM. Where specified, 2 × 10 4 PFU recombinant parental JHMV (rJHMV, referred to herein as rJ) was inoculated into mice intraperitoneally. In other experiments, 3 × 10 4 PFU rJ or N1347A, an rJ macrodomain point mutant virus (41), was inoculated into mice intranasally. After viral inoculation, mice were examined and weighed daily. Virus plaque assay. To titer virus from infected animals, mice were sacrificed and perfused with PBS. Brain tissue was homogenized into PBS using a manual homogenizer and frozen. After thawing, cellular debris was removed by centrifugation, and virus titers in the supernatant were determined on HeLa-MHVR cells as previously described (59) .
Isolation of immune cells from brain tissue. Brains harvested after PBS perfusion were digested with 1 mg/ml collagenase D (Roche) and 0.1 mg/ml DNase I (Roche) at 37°C for 30 minutes after mechanical dissociation. Dissociated, collagenase-treated brain was passed through a 70-μm cell strainer, followed by 37% Percoll gradient centrifugation. Cells were collected from the pellet, washed, and resuspended in culture medium for further analysis.
Antibodies and flow cytometry. The following antibodies were used in this study: CD4-eFluor 450 (clone RM4-5; eBioscience); CD8-FITC (clone 53-6.7; BD Biosciences); CD11b-eFluor 450 (clone M1/70; eBioscience); CD16/CD32-PerCP-Cy5.5 (clone 93; BioLegend); CD45-PE-Cy7 (clone 30-F11; BioLegend); FOXP3-FITC (clone FJK-16s; eBioscience); I-A/I-E-PerCP-Cy5.5 (clone M5/114.15.2; BioLegend); IFN-γ-APC (clone XMG1.2; BioLegend); IL-10-PE (clone JES5-16E3; BD Biosciences); Ly6C-PE (clone AL-21; BD Biosciences); and TNF-PE, -PE-Cy7 (clone MP6-XT22; BD Biosciences). Data were acquired with a BD FACSVerse and analyzed using FlowJo software (Tree Star). Cells were sorted using a BD FACSAria.
Intracellular cytokine and transcription factor staining. To detect IFN-γ, TNF, and IL-10 production by virus-specific T cells, immune cells isolated from the LNs or brain were stimulated with cognate pep- Statistics. Data are presented as the mean ± SEM unless otherwise indicated. Mann-Whitney U tests were used to analyze differences in means. Log-rank tests were used to determine significant differences in the survival of mice. A P value of less than 0.05 was considered significant. All statistical analysis except microarray analysis was performed using GraphPad Prism, version 7 (GraphPad Software).
Study approval. All animal protocols were approved by the IACUC of the University of Iowa.
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